The synthesis of methanol and other products from CO 
ABSTRACT
The synthesis of methanol and other products from CO Pd catalyzed the hydrogenation of CO to methanol with high selectivity.
Methane formation was found to be significant only outside the temperature pressure regime for which methanol formation is thermodynamically favorable. The behavior of Pt and Ir were similar but these metals were less active than Pd. The authors suggested that the attainment of high methanol selectivities might be attributed to the inability of all three metals to chemisorb CO dissociatively at reaction temperatures, by reacting bis-TI-allyl palladium, Pd(n-c 3 H 5 ) 2 , with the hydroxyl groups present on the support surface. The selection of this preparative procedure was motivated by the desire to achieve intimate contact between the precursor and the support and was suggested by previous studies (6, 7) showing that high precursor dispersion could be realized on Si0 2 and large quantities of distilled water. After drying in air at 373 K, the Zro 2 powder was pressed into a tablet and dehydrated in vacuum at 773 K.
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The average size of the zirconia particles in the original suspension was 0 about 500 A, which corresponds to a final surface area of not more than 2 20 m /gm for the dried material.
Prior to impregnation by the palladium complex all of the supports were dehydrated in vacuum at 10-3 Torr for 15 hrs at the temperatures indicated in Table 1 . Selection of the dehydration temperature was based on infrared studies of the surfaces of the oxides used (8) (9) (10) (11) 
Catalyst Characterization
The palladium content of each catalyst was determined by x-ray fluoresence and was found to be in good agreement with the metal loadings determined from the amount of palladium complex adsorbed by the supports.
The palladium content of silica-supported catalyst obtained from Union
Carbide was found to be 7.9% rather than 4.6%, as had been reported by expected from the stoichiometries of reaction 1 and 2 (12,13).
1.
2.
Pd-H + 3/4 o 2
The consistency of the two oxygen titers indicates that very little 
Catalyst Evaluation
Catalyst testing was carried out in a tubular micro-reactor made of stainless steel. Between 0.05 and 1.88 g (see Table I An analysis of the reaction products was conducted 10 min following the onset of reaction, after which the catalyst was reduced for 30 min in hydrogen before reintroducing the reaction mixture. If the analyses of consecutive runs at a given temperature were not reproduced, runs were continued until a stationary state of the catalyst was attained, at which point the dependence of catalyst activity on temperature was explored.
Following this, the catalyst temperature was returned to that used initially and the catalyst activity was compared with the initially measured values.
RESULTS
Methanol and c 1 through c 6 hydrocarbons were observed as the primary products for all of the catalysts tested and only occasionally were traces of ethanol detected. For Pd supported on Al 2 o 3 , Ti0 2 , Zro 2 , and MgO, dimethyl ether was also observed. Carbon monoxide conversions and product distributions determined at 523 K are given in Table 2 . It is significant to note that the conversions are small in all cases and lie well below the equilibrium conversion of 10% for the conditions indicated.
During the evaluation of the catalysts, it was observed that activity of some of the catalysts either increased or decreased with repeated use, the nature and extent of these changes depending on the composition of the support. Figure 1 illustrates the manner in which the activities for methanol and total hydrocarbon synthesis change as a function of the number of runs conducted using Sio 2 -and ZnO-supported catalysts. It is observed that while the methanol activity of the Pd/Sio 2 catalyst is constant the hydrocarbon activity declines to an asymptotic level after ten runs. The Pd/ZnO catalyst exhibits the reverse behavior and in this case it is the methanol activity which increases to an asymptotic level. The stability behavior of the remaining catalysts is summarized in The composition of the support also affects the product distribution. As may be seen in Table 2 Table 2 show that the support composition has a strong influence on the distribution of hydrocarbons formed. As may be seen in supported catalysts, which produce higher yields of c6 hydrocarbons than anticipated. Attention is also drawn to the Ti0 2 and Zro 2 -supported catalysts since the methane selectivity is particularly high for these catalysts. Table 2 shows that the specific activity for methane synthesis over these catalysts is much greater thanthat observed for any of the remaining catalysts.
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DISCUSSION
The observed increase in the activity of Pd when it is supported on metal oxides parallels in some respects the observations reported by Vannice (17}. In studies conducted at atmospheric pressure he noted that the methanation activity of Pd supported on Si0 2 and n-Al 2 o 3 was higher than that of Pd black and that the activity increased in the order Pd/n-Al 2 o 3 >> Pd/Si0 2 > Pd black. The results presented in Table 2 show that the hydrocarbon synthesis activity does increase somewhat when Pd is supported on Sio 2 and y-Al 2 o 3 but that a much more dramatic increase is observed in activity for the synthesis of oxygenated products. The failure of Vannice (17} to observe methanol formation is not surprising since his studies were conducted at temperatures of 548 K and above. Equilibrium calculations show that at one atmosphere and such high temperatures the formation of methane will be favored strongly over the formation of methanol (1).
The exceptionally high methanol synthesis activity of Pd/La 2 o 3
relative to the other catalysts tested confirms the results obtained by Ichikawa (4) in studies conducted at atmospheric pressure. The activation energies for methanol formation are also in good agreement-a value of 13.0 kcal/mole being reported by Ichikawa and a value of 14.0 kcal/mole being found in the present work. However, it is significant to note that the activity of the Pd/La 2 o 3 catalyst used in the present studies appears to be considerably higher than that prepared by Ichikawa starting from PdC1 2 . Examination of Table 4 shows that if Ichikawa's results are extrapolated to the conditions of the present studies, it is concluded that the catalyst used in the present work is twenty fold more active for methanol synthesis and about two fold more active for methane synthesis.
A part of this differencp may be ascribed to the differences in Pd While such an explanation might also be invoked to explain the higher hydrocarbon synthesis activities observed using the La 2 o 3 , Zro 2 , and Tio 2 supported palladium catalysts described here, the experimental evidence needed to support such an interpretation is not available. A clearer relationship can be established between support acidity and the formation of dimethyl ether. The results presented in Table 2 and Fig. 3 show that the highest activities for dimethyl ether formation are exhibited by Pd supported on y-A1 2 o 3 and Ti0 2 • Both supports are acidic (26) and are known to catalyze the formation of dimethyl ether during the decomposition of methanol (27, 28 ZnO (30) , and rare earth oxides (31) also show dimethyl ether formation to be insignificant. Based on these observations, it is concluded that the dimethyl ether observed in these studies results from the decomposition of methanol, subsequent to its formation.
The exceptionally high activities of Pd/Ti0 2 and Pd/Zr0 2 for the synthesis of methane, noted in Table 2 and Fig. 5 , agree with Ichikawa's (4) observations at 1 atm, but the origin of this specificity cannot readily be explained. One possibility is that a substantial portion of the methane formed over these catalysts arises from a decomposition of methanol. Carrizosa et al. (28) have reported that methanol will decompose over rutile at 523 K, to produce coke and methane but that coke decomposition on anatase occurs only at temperatures in excess of 673 K. Since the Ti0 2 used in the present studies consists of 87% anatase and 13%
rutile (32), it is possible that methanol decomposition on the rutile phase might form methane and carbon. Since hydrogen is always present in the gas phase, the carbon might be expected to undergo rapid hydrogenation instead of producing coke. The extent to which such processes might occur on Zr0 2 is uncertain; however, it seems reasonable to expect 
